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Abstract 
 
Spatial variations of thickness and grain size of 2004 and prehistoric tsunami sand layers from 
Aceh province, Indonesia, are analyzed to better characterize sediment transport by tsunamis. 
Approximately 200 auger and gravity cores were collected along ~ 10 km of coastline over the 
past 10 years in an area that was severely impacted by the 2004 Sumatra-Andaman Earthquake 
and Indian Ocean tsunami. The sediment cores were described sedimentologically, and grain size 
distributions of selected sand layers were measured using laser diffraction techniques. The 
spatial distribution of sedimentary characteristics was analyzed using ArcGIS software. 
Radiocarbon dating and sediment analysis from onshore and offshore areas provide data on the 
timing and source areas of the different sand layers. The 2004 tsunami deposited sand up to 1.8 
km inland with a maximum thickness of 71 cm and a minimum thickness of .80 cm, showing a 
trend of landward thinning. Cores collected in swales typically contain sand layers thicker than 
those located on adjacent beach ridges. The deposit is composed of very fine to coarse sand of 
mostly siliciclastic origin with some plant material. Grain size analysis provides evidence of 
normal grading and landward fining at several locations. Separated by layers of peat and organic 
rich mud, older sand layers of very fine to medium sand were also recovered in a number of 
cores between .65 and 1.8 km from the present day shoreline. These older, buried sand layers 
that were previously interpreted as paleotsunami deposits exhibit thicknesses of 1-17 cm and 
likewise show evidence of normal grading. Sediment cores taken closer to a river located on the 
northernmost section of the research area contain coarser sand layers with immature 
compositions of siliciclastics and heavy minerals more typical of fluvial deposition. Modeling 
suggests flow depths between .44 and 3.54 m and flow velocities between .36 and 1.24 m per s.  
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Chapter 1. Introduction 
Tsunamis have long been of interest to researchers, coastal managers, and emergency 
workers due to their destructive nature. Recent events such as the 2011 Tohoku and 2004 Indian 
Ocean tsunamis and their immediate and long-lasting effects have demonstrated the need to 
further investigate large magnitude earthquakes and the tsunamis they generate. Risk reduction 
and mitigation strategies are only effective if the natural hazard is understood and information is 
disseminated and applied in the field. The study of tsunamis and the deposits they leave behind 
can help us understand distance of inundation, flow velocity and depth, and sediment transport. 
Such knowledge will allow coastal communities to better prepare for hazards in the future. 
Large magnitude earthquakes occur on the scale of centuries and as a result, are poorly 
constrained and understood. Within a sediment core, the sequence of possible tsunami deposits 
offers evidence of the tsunami recurrence interval. Deposits are found as far inland as the 
tsunami’s maximum inundation extent and contain sedimentary characteristics such as grain size 
and deposit thickness which provide insight into the flow dynamics of the tsunami.   
Recent studies have demonstrated both the challenges and uncertainties involved in 
tsunami sediment research and inverse modeling of flow dynamics under tsunamis (Moore et al., 
2007; Jaffe and Gelfenbaum, 2007; Tang and Weiss, 2015).  Moore et al. (2007) was among the 
first to use a simple advection model to calculate the flow depth and flow velocity of the 1929 
Grand Banks tsunami in Newfoundland. Using the coarsest grain size in the deposit, the authors 
calculate the combination of flow depth and velocity necessary to advect or transport a grain 
from its source to the landward limit of deposition. Jaffe and Gelfenbaum (2007) use grain size 
and tsunami deposit thickness to determine flow speed in their model, TsuSedMod, which 
assumes sediment falls out of suspension as the tsunami reaches its maximum inundation. Tang 
and Weiss (2015) developed a model incorporating three tsunami models, including Moore’s 
model and TsuSedMod. Their model, called TSUFLIND, uses grain size distribution, deposit 
thickness, water depth and topography to determine flow speed, wave amplitude, Froude number 
and initial flow conditions. All models run on the underlying assumption that grains are carried 
in suspension in a uniform, turbulent flow (Moore et al., 2007; Jaffe and Gelfenbaum, 2007; 
Tang and Weiss, 2015).  
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 The purpose of this study is to determine the hydrodynamics that are at play during a 
tsunami using the sedimentary characteristics of sand sheets deposited in coastal marshes of 
West Aceh. Aceh, due to its proximity to the Sunda trench, offers a unique opportunity to study 
the impacts of the 2004 Indian Ocean tsunami and the sediments it left behind. We compile 
existing sediment data of cores taken in West Aceh, and investigate in detail gravity cores from a 
breach zone of the 2004 tsunami that have not been studied before, adding to the existing 
sediment core database from Monecke et al. (2008, 2015, 2017) and Morgan et al. (2016). We 
also analyze the spatial variation of sedimentary characteristics of the 2004 tsunamis and 
paleotsunami sand sheets using ArcGIS software.  
 With the observed hydrodynamic constraints of the 2004 Indian Ocean tsunami and the 
sedimentary characteristics of associated sand deposits, we reconstruct the flow dynamics of the 
2004 tsunami using the model described Moore et al. (2007). We then determine the accuracy of 
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2.1 Geography  
 The island of Sumatra, Indonesia is located 300 km east of the Sunda Trench, an active 
subduction zone in the Indian Ocean (Figure 1). To the south, the Sunda Strait separates Sumatra 
from the island of Java, which is home to Indonesia’s capital city, Jakarta.  
 The Barisan Mountain Range runs the length of the island and contains 35 active 
volcanoes, including the Toba caldera. These volcanoes form a volcanic arc that lies nearly 
parallel to the Sunda trench.    
 Located on the equator, Sumatra experiences annual monsoon seasons, which cause 
storm surges to inundate coastal regions; however, large-scale tropical cyclones are absent as a 
result of the lack of Coriolis Force within the equatorial zone.  
 Though a complete census had not been taken before the Indian Ocean tsunami in 2004, 
the 2010 census estimated Aceh to be home to nearly 4.5 million residents (BPS, 2010). 
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Figure 1: The island of Sumatra and its seismotectonic setting. The Sunda Trench subduction 
zone is marked with a red line and triangles. Yellow star marks the epicenter of the 26 December 
2004 Sumatra Andaman earthquake. The Great Sumatra Fault is indicated by a thick black arrow 
off the northern coast of Sumatra. Figure taken from walrus.wr.usgs.gov, last accessed 
December, 2018. 
2.2 Tectonic Setting 
2.2.1 Sunda Trench   
McCaffrey (2009) offers a thorough review of the Sumatran subduction zone, detailing 
the plate kinematics of the convergent boundary, a process that is complicated by the Sumatra 
Fault (Figure 1).  
Bounded in the east by the Sagaing Fault to the north and the Sumatra Fault to the south, 
the Burma microplate thrusts over the subducting India plate (Gahalaut and Gahalaut, 2007; 
McCaffery, 2009). This microplate or sliver plate, also known as the Andaman microplate, is a 






















 product of the oblique motion and slip partitioning between the two converging plates (Figure 2; 
Curray, 2005; Lay, 2005). DeShon et al. (2005) and Gahalaut and Gahalaut (2007) suggest that 
the Burma plate extends at least as far as 1–2 °N latitude, which was indicated by aftershocks of 
the 26 December 2004 earthquake. The convergence of the India and Sunda plates is also 
responsible for the series of islands located off of the west coast of Sumatra, which constitute a 
forearc ridge. This accretionary wedge formed from the buildup of sediment and oceanic crust 
and incorporates ophiolites also found in the Andaman and Nicobar Islands (Curray, 2005; 
McCraffrey, 2009). 
 The rate of subduction is not constant, and varies from 63 mm/yr near Java to 45 mm/yr 




Figure 2: The Sumatra Fault System is a classic example of slip partitioning at a subduction 
zone. Sumatra lies on the overriding plate, with the volcanic arc mirroring the Barisan 





  The Sumatra Fault is a dextral strike-slip fault running 1900 km along the length of 
mainland Sumatra and lies on the hanging wall of the Sunda subduction zone. At its most 
northern extension in Banda Aceh, it leads into the West Andaman Fault (Ghousal et al., 2012). 
Along its path, the Sumatra Fault split into multiple segments (Newcomb and McCann, 1987). 
The segments, or discontinuities, range in width from 5 km to 12 km and are dilatational step 
overs, which are areas of slip transfer (Sieh and Natawidjaja, 2000; Cunningham and Mann, 
2007; McCaffrey, 2009). Sieh and Natawidjaja (2000) identified and described 19 segments, 17 
of which are less than 100 km long. These 19 segments are proposed to constrain the rupture 
extent and the magnitude of earthquakes along the Sumatra Fault (Sieh and Natawidjaja, 2000; 
McCaffrey, 2008; Ghosal et al., 2012). 
 
2.2.2 Seismic Activity   
 While interplate motion is normal near Java, oblique motion is dominant near Sumatra, 
resulting in a region with high seismic activity (Figure 3). However, in the mid 20th century, it 
was designated as “aseismic” due to the lack of large earthquakes in the previous 100 years 
(Newcomb and McCann, 1987). This designation neglected to take into account that long periods 
of inactivity are often punctuated by a large earthquake, which releases the centuries build-up of 
stress since the last large earthquake (Kelleher et al., 1973).  
  A written record dating back to 1681 exists for earthquakes in the region; however, the 
source and magnitude of the recorded events is incomplete, and only earthquakes occurring in 
the 20th century have estimated magnitudes attributed to them (Newcomb and McCann, 1987).  
 Large earthquakes with magnitudes exceeding M 8.0 occur less frequently and originate 
from thrust faulting along the Sunda Trench (McCaffrey, 2009). Preceding the M 9.1 2004 event, 
the most recent megathrust earthquake in the region took place in 1861 and is considered to have 
occurred along the same segment as the 2005 Nias earthquake (Newcomb and McCann, 1987; 
Lay et al., 2005). Using paleotsunami data, Rubin et al. (2017) calculate an average interval of 
450 years and a maximum interval of over 2,000 years for megathrust earthquakes along the 
northernmost Sumatra-Andaman segment.  
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Figure 3: Location of recent earthquakes of the highly active Sumatra region. Earthquakes that 
took place between 1900 and 2016 are indicated. Figure taken from Earthquake.usgs.gov., last 
accessed December 2018. 
 
 
2.3 2004 Sumatra-Andaman Earthquake and Indian Ocean Tsunami  
 On the morning of 26 December 2004, a magnitude M 9.2 earthquake occurred along the 
boundary of the converging India and Sunda plates (Figure 1).  
 The initial rupture offshore Sumatra was slow, and proceeded to expand at 2.5 km per 
second for 1200 to 1300 km to the north (Ammon et al., 2005). While fault slip measured up to 
15 meters near Banda Aceh, it was dependent on interplate motion and the age of the lithosphere 
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 and thus varied along the trench. (Uyeda and Kanamori, 1979; Scholz and Campos, 1995; Lay et 
al., 2005; McCaffrey, 2009).  
 The movement along the fault displaced the sea floor and the above water column. This 
rapid displacement of water caused a tsunami which reached Sumatra within thirty minutes of 
the initial rupture.  
 Due to its proximity to the Sunda trench, Aceh, the northernmost province of Sumatra, 
experienced the maximum destructive force of the tsunami. In Lhok Nga, an area west of the city 
of Banda Aceh, three waves were observed in close succession. The first wave, while less than 5 
meters in height, moved quickly and was followed by the largest wave, which measured 15-30 
meters in height and deposited sand up to 5 km inland (Paris et al., 2007).   
 Shortly after the December earthquake, another earthquake, also originating from the 
Sunda Trench, occurred further to the south on 28 March 2005 (Figure 3). This magnitude M 8.7 
earthquake was thought to be the result of stress changes by the Sumatra-Andaman earthquake 
(Nalbant et al., 2005). Immediately following the 26 December event, McCloskey et al. (2005) 
predicted a strike-slip earthquake would soon occur on the Great Sumatra Fault, since 
earthquakes originating in subduction zones are often coupled. While this did not take place, the 
Coulomb Stress increased by up to 20 bars along the Sumatran fault as well as along the trench 




 Figure 4: Stress changes following the Sumatra-Andaman Earthquake. Figure modified from 
Nalblant et al. (2005).  
 
 
2.4 Tsunami History  
2.4.1 1907 
Historical records of tsunamis are rare and little is currently known of the 1907 Sumatra 
earthquake and subsequent tsunami. While a study conducted by Newcomb and McCann (1987) 
concluded that 950 km of Sumatran coastline were affected, the tsunami was more severely felt 
on Simeulue and Nias Islands, and caused a large number of casualties. However, in 2004, on 
Simeulue Island, with a population of over 78,000 people, only seven casualties were attributed 
to the 2004 Indian Ocean tsunami (McAdoo et al., 2006). When people felt the first tremors of 
an earthquake, they immediately fled to higher ground. McAdoo et al. (2006) attributes this to 
the fact that the cultural memory of the 1907 earthquake and tsunami informed the residents to 
flee to higher ground at the first sign of an earthquake. 
  Using written records and modern simulations, Kanamori et al. (2010) calculated a 
magnitude range of 7.5 < Ms < 8.0 for the 1907 earthquake. The tremor has attracted the attention 
of seismologists because earthquakes of its suspected magnitude infrequently generate tsunamis 
of the size attributed to the 1907 event (Kanamori et al., 2010). For instance, the M 7.2 2002 
Sumatra earthquake was comparable in size to the 1907 event but did not generate a tsunami 
(Figure 5).  
  A sand sheet recovered in cores taken from the western Acehnese coast is thought to have 




Figure 5: An Omari seismogram of the 1907 earthquake recorded in Mizasawa, Japan (top) is 
compared with a simulated seismogram using data recorded at Kesen-numa, Japan from the 2002 
Sumatra earthquake, which was close in size and location to the 1907 earthquake (bottom). 
Figure modified from Kanamori et al., 2010. 
 
 
2.4.2 1400 A.D.  
 A tsunami that occurred around 1400 A.D. is considered the predecessor to the 2004 
Indian Ocean tsunami. Archeological evidence from North Aceh shows that an ancient 
settlement vanished from record after 1400 A.D., and was replaced by settlements from the 
Malacca Strait (Sieh, et al., 2015). This drastic change can be attributed to a sudden, destructive 
natural event that redefined the dominant cultures of the area.  
 Sand sheets found on the island of Phra Thong, Thailand (Jankaew et al., 2008) 
correspond to sand sheets found on both Sumatra (Monecke et al., 2008) and the Andaman 
Islands (Rajendran et al., 2007). In order to inundate the island of Phra Thong and deposit a sand 
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 sheet, a magnitude 8.5 earthquake or larger is needed, indicating that the 1400 A.D. tsunami 
event was similar in magnitude to the Sumatra Andaman Earthquake (Jankaew et al., 2008). 
     
2.4.3 Paleotsunamis   
Historic and archeological tsunami data from Aceh currently do not extend further back 
than 1350 AD.  However, Monecke et al. (2008) recovered evidence of a tsunami sand deposit 
dating to 1000 AD. in sediment cores collected in Aceh, Indonesia. Sand sheets found in a 
coastal cave on the northwestern coast of Aceh also show evidence of at least 11 tsunamis 
occurring between 2,900 to 7,400 years ago (Rubin et al., 2017).  
 
2.5 Tsunami Research  
2.5.1 Tsunami Deposits 
  Sand deposits offer the only information about the recurrence and flow dynamics of 
paleotsunamis, so an understanding of the sedimentary characteristics of tsunami deposits is 
invaluable.  
 As tsunami waves approach the coast, wave amplitude increases due to shoaling and 
sediment is eroded from the shore-face and the beach. As the tsunami moves landward, grains 
are carried in suspension and are deposited in coastal lowlands as the tsunami flow slows down. 
Once the tsunami reaches its furthest extent, it retreats, often along preexisting channels (Figure 




Figure 6: Conceptual diagram of a tsunami and sediment transport as the tsunami progresses on 
land. Figure taken from Jaffe and Gelfenbaum (2007).  
Tsunami sediment samples are usually collected along shore normal transects using cores 
or dug pits (Minoura et al., 1997; Fujino et al., 2008; Jankaew et al., 2008; Monecke et al., 2008; 
Atwater et al., 2013; Rubin et al., 2017). Recovered tsunami sand layers are typically a few 
centimeters to tens of centimeters thick (Moore et al., 2006; Monecke et al., 2008).  
Landward, grain size of tsunami sand sheets follows a fining trend as the energy of the 
tsunami decreases, depositing the finest grains as it reaches its furthest extent (Moore et al., 
2007; Fujino et al., 2008). Normal grading is observed as finer grains are held in suspension and 
deposited atop coarser grains which have already settled. Fujino et al. (2008) observed landward 
thinning of sand sheets deposited by paleotsunamis in Thailand.  
 Grain size analysis also aids in determining the source of grains within a sand layer and 
may include marine, beach, and inland areas (Moore et al., 2006). Tsunami deposits are 
distinguished from storm deposits through sedimentological analysis of grain size, sorting, 
internal structures, and provenance, as well as their landward extent (e.g. Nanayama et al., 2000). 
2.5.2 Morphological Interactions 
Tsunami flow and deposition is dependent on local geomorphology (Nishimura and 
Miyaji, 1995). It is therefore necessary to consider the underlying topography when interpreting 
possible tsunami deposits. Multiple studies have found that landward thinning may be 
interrupted along a transect if the topography contains hills, swales, rivers, and other 
morphological impediments (Fujino et al., 2008). Swale deposits are generally thicker, while 
deposits on the tops of dunes or hills are thinner or absent (Jankaew et al., 2008). In Thailand, 
Hori et al. (2007) found that relatively thick sand layers were deposited in abandoned river beds 
while thinner layers were deposited in convex topography. 
Tsunamis also impact and alter the morphology of an affected area (Atwater et al., 2013; 
Nanayama et al., 2000). In 2011, the Tohoku tsunami breached multiple sections along the coast 
near Idoura Lagoon, Japan and moved the shoreline landward (Tanaka et al., 2012). 
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 2.5.3 Tsunami Modeling  
 Identifying sedimentary characteristics of tsunami deposits allows researchers to 
reconstruct the tsunami event with numerical models. While they are imperfect reproductions, 
numerical inversion models such as the advection model of Moore et al. (2007), TsuSedMod and 
TSUFLIND can inform about the flow depth and flow velocity of tsunamis as they move over 
lowland coastal areas based on a deposit’s grain size and thickness (Jaffe and Gelfenbuam 2007). 
TsuSedMod is the quantitative representation of the authors’ conceptual model of the three zones 
of tsunamis: the erosional zone, depositional zone, and the zone with neither erosion or 
deposition, located furthest inland. It assumes that tsunami deposits are normally graded as a 
result of grains settling from suspension; in other cases, the model is not applicable (Dietrich, 
1982; Jaffe and Gelfenbuam, 2007). A more recent model, TSUFLIND, combines features of 
three models, including TsuSedMod, to improve simulation of flow dynamics at a given location 
using deposits recovered from a shore normal transect (Tang and Weiss, 2015). Such model 
integration is key to exploiting observed sedimentary characteristics and reducing uncertainties 
in models that rely on a variety of input parameters (Jaffe et al., 2016).  
  
2.5.4 Previous Work in West Aceh  
 The coastal areas of Aceh have been studied extensively in the years following the 2004 
tsunami (Moore et al., 2006; Monecke et al., 2008, 2015, 2017; Sieh et al., 2015; Morgan et al., 
2016; Rubin et al., 2017).  Early paleotsunami studies along the coastline of West Aceh 15 km 
northwest of Meulaboh (Figure 8) were carried out by Monecke et al. (2008). In 2006 and 2007, 
76 cores were taken in the coastal marshes. Topographic coastal surveys of the same area were 
carried out in 2009, 2012, and 2013 (Monecke et al. 2015, 2017).  An additional 104 cores were 
taken in 2015 and 2016.  
 The research area northwest of Aceh is dominated by beach ridges and intervening 
swales. One section of the beach ridge nearest shore was breached during the 2004 tsunami, and 
remained flooded for years afterward (Figure 8). In coastal beach ridge plains, breaching of 
ridges can occur in two different ways: during tsunami flow landward, or seaward retreat, 
causing significant beach erosion and sand deposition further inland (Atwater et al., 2013). While 
beach ridges are often parallel to the shore, the beach ridges of the research area are angled 
inland.  
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Figure 7: Overview of the research area in Aceh, the northernmost province of Sumatra, 








Figure 8: Aerial photographs of the breach zone show the extent of flooding as a result of the 
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3.1 Sediment Core Collection
Sediment cores were collected using a hand auger and a UWITEC short gravity corer in 
2006, 2007, 2015, and 2016 (Figure 9). Core locations were measured with a Garmin GPS 72H. 
While it was attempted to follow shore-normal paths that would capture successively older 
ridges and swales as well as the direction of tsunami inundation, some areas closer to shore were 
inaccessible due to flooding and thick brush so the coring transects are not continuous along one 
straight path (Figure 9).  
The gravity cores were split and opened in 2007, and since have been wrapped and stored 
in refrigerators at 4 °C.   
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Figure 9: Location of the 180 auger and gravity cores collected along the coast of West Aceh, 
over the course of ten years following the 2004 Indian Ocean Tsunami. 
3.2 Topographic Surveys 
20
Beach ridge plain topography was surveyed following a shore-normal transect within the 
research area in 2009 (Figure 10). Elevation above sea level, distance from shore, and the angle 
of each measurement was found using an automatic level station (Monecke et al., 2015). The 
survey extends 1800 meters inland and, like the core transect, is not continuous along one path 
due to inaccessibility (Figure 10).  
Since some sediment cores were collected along different transects than the topographic 
survey, it was necessary to project selected core locations along beach ridge parallel tracks in 
order to adhere to the topography of the area from which the cores were collected. However, 
since the projection is not the true location, error is introduced into the distance from shore 
measurement. Sources of error also include instrument error, measurement error, and the 
determination of sea level (Figure 10; Monecke et al., 2015).   
Past shoreline locations during historic and paleotsunami inundation were determined 
along the measured transect, using the 2002 shoreline as a baseline and the average coastal 
propagation rate of 1.3-1.8 m per year (Monecke et al., 2015). The 2002 shoreline was chosen 
because the 2004 tsunami impacted the extent of the shoreline. Using pre-tsunami satellite 
imagery from 2002 and 2009 and ArcGIS software, I extended the transect and measured the 
distance between the 2009 and 2002 shorelines, which measured 34 m. Monecke et al. (2015) 
determined that the higher ridge on which the coastal road is built is the result of shoreline 
reorganization after a tsunami that occurred ~ 600 years ago and is located 640 m from the 2009 
shoreline.  
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Figure 10: Overview of the 2009 topographical survey with turning points and the 2002 and 
2009 shorelines in blue and green respectively. Flooding and thick brush made it impossible to 
adhere to a straight transect perpendicular to the shore, so benchmark distances were corrected to 
construct a transect perpendicular to the shoreline, indicated by the purple line. Orange dots mark 
sediment core locations close to the transect.  
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3.3 Core Description 
Auger cores were described, photographed and sampled in the field. 24 gravity cores 
recovered from the 2004 tsunami breach zone and the mouth of the Woyla River (see Fig. 9) 
were described sedimentologically during this study using a sediment core log from the LacCore 
lab (Appendix). Sand layers were identified for further grain size analysis and plant debris from 
peat layers was identified for radiocarbon dating.  
Sediment layer thicknesses were measured from the center of the core because of some 
drag along core tube walls. The top and bottom contacts of sand deposits are often distinct and 
easily identifiable in the cores (Figure 11). However, since the cores are over 10 years old, 
sediments occasionally are oxidized and may have compressed due to water loss in storage.  
3.4 Grain Size Analysis 
Sand layers identified in auger and gravity cores were sampled for grain size analysis 
using laser diffraction technology.  
 From selected layers, 3-4 tablespoons of sediment were removed. Samples were first 
sterilized by dry heating at 130 °C for at least two hours. Roots and twigs were removed from the 
samples using a sieve and forceps following dry heating. Some samples contained large amounts 
Figure 11: A 
core collected in 
the breach zone 








center to center 
of the contacts, 
indicated by the 
red dashed line.   
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of small organic matter which could not all be removed. In these cases, it is indicated in the 
Result Analysis Report that organic matter may have contributed to the volume percent.   
The particle analyzer runs through 5 measurement cycles during analysis of each sample 
and runs at an optimal obscuration of 8-11%. Since it was difficult to collect the appropriate 
sample size from thin sand layers, some samples ran at lower obscurations. Most often, the five 
runs yielded nearly identical results and one of the runs was chosen for further analysis. The 
mean, median, standard deviation, and grain size distribution were calculated for every sample. 
It is important to note that grain size data was collected and analyzed using different 
instrumentation. Since 2013, samples were analyzed using a Beckman Coulter LS 13 320 Laser 
Diffraction Particle Size Analyzer while those analyzed before 2013 used a Malvern Master 
Sizer. In order to determine if their results were similar, we compared the grain size distributions 
from samples collected at the same two depths in core SML-07-05 but measured on the two 
different instruments (Figure 12). 
In both cases, the Malvern Master Sizer produced grain size distribution curves with a 
higher fine-grained mode and a smaller coarse-grained mode. The Beckman Coulter Particle Size 
Analyzer showed the same coarse mode as the Malvern Master Sizer but not the fine mode. 
Results of the Beckman Coulter are finely skewed. The difference in the mean amounts 






















Figure 12: Two samples from the same layers and cores were either analyzed using a Malvern 
Master Sizer in 2007 and a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer 
in 2018 and 2019. a. Comparison of the mean of two samples from core SML-07-05 measured 
on both machines. b. Grain size distribution of samples taken at 13 cm core depth. c. Grain size 
distribution of samples taken at 28 cm core depth.  
3.5 Spatial Data Analysis 
Aerial photographs and satellite images taken between 2002 and 2013 that were 
previously georeferenced and then re-projected by Templeton (2014) were imported to ArcMap. 
The spatial distribution of tsunami deposit thickness was plotted by importing XY data of 
tsunami sand layer thickness and core locations to ArcMap (Appendix). Coordinates were 
projected using the WGS1984 Projection. Grain size plots were created similarly by importing 
XY plots of the mean grain size of tsunami sand layers and their respective coordinates to 
ArcMap (Appendix).   
3.6 Radiocarbon Dating 
Cores from the 2004 breach zone with multiple sand layers were singled out for further 
radiocarbon analysis. Four samples of organic material, such as leaves and seeds, from three 
cores were isolated from the surrounding peat layers and radiocarbon dated at Beta Analytic Inc. 
Lab in Miami, Florida, using NEC accelerator mass spectrometers. 𝛿13C was measured using 
b. c.
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isotope ratio mass spectrometers (IRMS) to correct for isotopic fractionation, which can be 
caused in both the environment and in laboratory settings (Carbon Dating Service, AMS Miami - 
Beta Analytic., 2019). Conventional radiocarbon ages are rounded to the nearest ten years. Ages 
have all been calibrated with the INTCAL 13 Database (Reimer et al., 2013). Two samples 
(SML-07-05-35cm) contained large amounts of modern carbon and were calibrated with the 
NHZ3 Database (Hua et al., 2013). 
3.7 Numerical Model 
In order to model the flow velocity and flow depth of the 2004 tsunami, we used an 
inversion advection model in the manner of Moore et al. (2007). Individual steps are outlined in 
Chapter 4. Both the mean and the largest grain sizes of the distribution of nearshore samples 
from the 2004 and 1907 tsunami deposits (sediment cores 105 and SML-07-07) were used as 
input. Eight different parameters were studied to analyze their influence on flow dynamics, 
including mineral density (found in Anthony et al., 2019). MATLAB software was used to write 
and plot the model.  
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4.1 Core Description 
 As part of this thesis, 24 cores, including eight from the 2004 breach zone, were 
described sedimentologically (Figure 13, Appendix). The eight cores from the breach zone and 
16 cores from a lagoon near the Woyla River vary in length from  22 cm to 89 cm (Coring 
locations in Figure 9). These cores are mostly composed of alternating peat or organic rich mud 
and sand.  
 Peat layers are up to 40 cm thick and are composed of large quantities of plant material 
(Figure 13, Appendix). Many peat layers also contain fine to medium sand grains. They are 
interpreted as the regular deposits in the coastal marshlands in West Aceh, which are dominated 
by dense, tropical coastal swamp vegetation. 
 Dark brown mud layers are up to 15 cm thick and sometimes contain fine to medium 
sand as well as organic material. Most of the mud layers in the breach zone are under 5 cm thick. 
The mud layers are interpreted as the regular deposits in coastal channels in West Aceh, which 
have less plant cover.  
 Sand layers located at the base of many cores contain fine to medium sand with fine silt 
and plant debris. The deposit is mostly massive with gradual upper contact and has an orange 
discoloration. These deposits form the base of the beach ridge plain over which the beach ridges 
prograde. Basal sands are generally thicker in cores collected in the breach zone.   
 Grey-brown fine to medium sands are found in all cores and are interpreted to be possible 
tsunami overwash sand deposits. These deposits range from 2 cm to 71 cm thick (Figure 13a, 
Appendix). The mineral composition is immature, though quartz is the dominant mineral. 
Feldspars, mafic minerals, and magnetite are also present (Appendix). The contacts of sand 
layers are most often sharp and distinct. Some sand layers show a gradual upper or lower contact 
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(Figure 13c; Appendix). Deposits appear massive but detailed grain size analysis (Section 3.3) 
indicates normal grading in many layers and sometimes, basal inverse grading.  
Cores collected from the lagoon contain sand layers that have a greater range of grain 
sizes, from fine to very coarse sand with fine silt and some plant material. The sand layers are 
varied in color, from orange-brown to greyish-brown. The larger grains are typically subangular 
to angular. They also contain shells and other organic remains that are most likely marine in 
origin (Figure 13e). Due to their proximity to the Woyla River, it is difficult to interpret the 
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	Figure 13: Lithological descriptions of a. SML-07-06 collected 623 m from the 2002 shoreline 
and showing a massive sand layer interpreted as the 2004 tsunami deposit, b. SML-07-05 
collected 881 m from the 2002 shoreline, showing possible multiple sedimentation pulses of the 
2004 tsunami c. SML-07-01, d. SML-07-07, also showing possible multiple sedimentation 
pulses, e. KL-06-06, a core collected from the lagoon close to the Woyla River and f. LKU-06-
06, which is from a location outside of the study area. Coring locations are indicated in Figure 
2.1. A red cross indicates a radiocarbon sample. 
 
4.2 Radiocarbon Dating  
 Four samples of organic material were collected from cores SML-07-01, SML-07-05, and 
SML-07-07 (Figure 13). The results of the carbon dating analysis are listed in Table 1.  
Table 1. Results of radiocarbon dating analysis from three cores collected in the breach zone, 
calibrated using the IntCal13 database. Results that exceed the reference calibration are written 
as percent modern carbon (pMC) (Appendix).  
 
 
 The investigated sediments were deposited within the last ~1000 years with younger 
deposits located closer to shore. Dates obtained below sand sheets correlate with the 2004 
tsunami and the historic 1907 tsunami. Paleotsunamis that are suggested to have occurred around 
1000 AD and 1400 AD are more difficult to correlate in these cores.  
 Two samples from SML-07-5 contain a large amount of modern carbon and indicate that 
the three sand layers between 0 and 32 cm depth are the result of recent deposition, most likely 
the 2004 tsunami. In SML-07-07, the lower sand layer at a depth between 58 cm and 70 cm is 
Sample Name Depth Material 훿13C 14C Age (B.P.)  2σ Calibrated Age (A.D.) Relative Area Under Distribution (%) References
SML-07-01 20 cm Plant material -27.9 1010 ± 30






Reimer et al. 2013







Reimer et al. (2013)
Hua et al. (2013)




7.8 Reimer et al. (2013)Hua et al. (2013)







Reimer et al. 2013
32
interpreted to have been deposited during the 1907 tsunami due to the results of radiocarbon date 
of 1680-1938 in the peat below it (Table 1, Figure 13d ) 
Based on their stratigraphic position, radiocarbon date, and sedimentary characteristics, 
we interpret the uppermost sand layers in cores SML-07-1, SML-07-5, and SML-07-7 as 
deposits of the 2004 tsunami.  
4.3 Grain Size Characteristics of Sand Deposits 
Grain size distributions of sand layers interpreted as overwash deposits from the 24 
gravity cores were measured and compared to samples collected from auger cores taken in 2006, 
2007, 2015, and 2016 (Figure 9). These include cores taken along the surveyed 2009 transect as 
shown in Figure 10. Based on sedimentary characteristics, fossil content, and stratigraphic 
position, sand layers in these auger cores were interpreted as tsunami deposits relating to the 
2004 tsunami, 1907 tsunami and paleotsunamis (Monecke et al., 2008). 
4.3.1 2004 Sand Deposits Along 2009 Transect  
Grain size analysis of the base of the 2004 sand layer deposited along the 2009 transect 
show better sorting closer to shore (Figure 14). Layers from cores collected further inland are 
more poorly sorted. Multiple sand layers show a bimodal grain size distribution with one mode 


























Figure 14: Grain size distribution of the 2004 tsunami sand layers from cores collected along the 
2009 transect. Lighter shades indicate increasing distance from shore.  
4.3.2  2004 and 1907 Tsunami Deposits in the Breach Zone 
Samples from the base of sand layers found in the breach zone and interpreted to be 
deposited from the two most recent 2004 and 1907 tsunamis are mostly unimodal and exhibit 
one mode between 300 µm and 390 µm. A second minor mode at 1090 µm that was found in 
only 2 samples suggests incorporated shell and/or plant material (Figure 15). The 1907 deposits 
are more poorly sorted than the 2004 deposits.  
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Figure 15: Grain size measurements from SML-07-07 of a. the 2004 tsunami sand deposit and b. 
the 1907 tsunami sand deposit. Grain size was measured with a Beckman Coulter Laser 
Diffraction Particle Size Analyzer. Lighter shades indicate increasing depth from surface. 
Grain size samples from sediment core SML-07-07 were collected every 5 cm in the 
2004 sand deposit and the 1907 sand deposit (Figure 16). For the 2004 tsunami deposit between 
50 and 35 cm depth, grain size shows inverse grading. Above 35 cm depth mean grain size 
decreases from 428 µm to 325 µm at 30 cm depth but remains relatively constant above 30 cm 
depth. 
For the 1907 deposit, mean grain size exhibits normal grading as it decreases from 388.1 
µm at 64 cm depth to 319.8 at 59 µm cm depth.   
Figure 16: Grain size measurements from sediment core SML-07-07. Samples were measured 
using a Beckman Coulter Laser Diffraction Particle Size Analyzer. The thick black line indicates 
the peat separating the 1907 sand deposit from the 2004 sand deposit. 
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4.3.3 Comparisons of the 2004, 1907, and Paleotsunami Deposits along the 2009 transect 
Grain size measurements of deposits within the first 500 m of the shorelines of the 2004, 
1907, 1400 AD, and 1000 AD tsunamis along the 2009 transect are compared in Figure 3.5. The 
deposits have a similar distribution of grain sizes and are bimodal. The 2004 deposits have a 
dominant mode between 212 µm and 300 µm while the 1907 deposits have a dominant mode 
between 230 and 376 µm. The 1400 deposits have a mode between 180 µm, and 270 µm and the 
1000 AD deposit has a mode at 212 µm (Figure 17). A minor mode occurs between 23 µm and 
42 µm in the 2004, 1907, and 1400 AD deposits. The 1907, 1400 AD and 1000 AD deposits are 
























Figure 17: Grain size comparisons of a. the 2004 tsunami deposit, b., the 1907 tsunami deposit, 
c. the 1400 AD and d. 1000 AD tsunami deposits. Shorelines preceding the 1907, 1400 AD and
1000 AD tsunamis were determined using a propagation rate of 1.55 m per year (Monecke et al.,
2015). Grain size was measured with a Malvern Master. Lighter shades indicate increasing
distance from shore.
The grain size distribution of beach, surf zone, and offshore samples is compared with 
tsunamigenic deposits to determine potential source areas (Figure 18). The beach and surf zone 
curves are unimodal with a mode between 200 µm and 356 µm. One of the offshore samples is 
bimodal with a mode at 106 µm  and a smaller mode at 430 µm. Another offshore sample is 
more coarsely skewed than any of the other samples and has a mode at 568 µm. The tsunami 
deposit distributions share overlaps with the beach, surf zone, and offshore samples depending 
on distance from the shoreline. However, they do not contain the very coarse fraction of offshore 
samples. The finest fraction of the 2004 tsunami deposit is not represented in either the beach or 
offshore samples. 
Figure 3.6: Grain size distribution of beach (thin grey to black), surf zone (dashed), offshore 
samples (thick solid grey to black) is compared with the grain size distribution of tsunami 
deposits (colored) along the 2009 transect. Beach, surf zone, and offshore data is from Monecke 
et al. (2017). Grain size was measured with a Malvern Master and Beckman Coulter Laser 
Diffraction Particle Size Analyzer. 
3.4 Spatial Distribution of Sedimentary Characteristic 
3.4.1 2004 Indian Ocean Tsunami deposit along surveyed transect 
Figure 18: The grain size distribution of beach (thin grey to black), surf zone (dashed), and 
offshore (thick solid grey to black) samples is compared with the grain size distribution of 





Monecke et al. (2017). Grain size was measured with a Malvern Master and a Beckman Coulter 
Laser Diffraction Particle Analyzer.  
4.4 Spatial Distribution of Sedimentary Characteristics 
4.4.1 2004 Indian Ocean Tsunami deposit  
The 2004 tsunami deposited sand up to 1.8 km inland. Thickness of the sand deposit and 
grain size varied with distance and topographic location of the cores (Figs. 19, 20 and 21).  
Along the 2009 transect, grain size of the 2004 deposit follows an overall trend of fining 
landward, ranging from a mean of 300 µm 357 m from shore to 106 µm 1.052 km from shore 
(Figures 19 and 20). While thickness has greater variability, thinner sand layers are generally 
found further from shore (Figure 21). Thicknesses vary from 33 cm at 273 m from shore to 10 
cm at 1625 m at the landward limit.  
Cores collected in swales typically contain sand layers thicker than those located on the 
surrounding ridges (Figure 19). A core collected in a swale 1620 m from shore contained a sand 
layer 10 cm thick. Alternatively, a core collected on a ridge 271 m from shore contained a sand 
layer nearly 33 cm thick. In this transect, multiple cores, mostly collected further landward 
between 1.65 km and 1.8 km from shore, contained no evidence of the 2004 tsunami.  
Thickness trends of the 2004 deposit are most clearly seen in cores taken in the breach 
zone (Figure 21). Within these cores, the uppermost sand layer interpreted as the 2004 tsunami 


















































































































Figure 19:  Grain size and thickness trends of the 2004 (red), 1907 (purple), 1400 AD (orange) 
and 1000 AD (yellow) tsunami sand deposits along the transect surveyed in 2009. The solid blue, 
purple, orange and yellow lines indicate the location of the 2002, 1907, 1400 AD and 1400 AD 
shorelines respectively, and were calculated using the average propagation rate of 1.55 m per 
year (Monecke et al., 2015). The dashed colored lines indicate the lower and upper bounds of the 
propagation rate (Monecke et al., 2015).  
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Figure 20: Spatial distribution of the mean grain size of the 2004 tsunami sand deposit. Note 
coarser deposits generally are found closer to shore while finer deposits are found more 
landward.  
42
0 1 20.5 Kilometers/


















Figure 21: Spatial distribution of thickness of the 2004 tsunami sand deposit. Note thicker 
deposits generally are found closer to shore while thinner deposits are found more landward. 
Several cores further inland do not show any evidence of sediment deposition in 2004. 
While topography was not measured at the breach zone, we can see how grain and 
thickness of the 2004 deposit varies with distance to shore. Grain sizes from the base of the layer 
fine landward, decreasing from a mean of .36 mm to .26 mm over a distance of 600 m (Figure 
22). While deposit thickness follows an overall trend of landward thinning, two cores between 
1000 and 1800 m from shore yielded no evidence of the 2004 tsunami. However, a core 
recovered 1200 m from shore shows a deposit 15 cm thick. 
Figure 22: Sedimentary characteristics of the 2004 tsunami sand layer in the breach zone. Core 
distance from the 2002 shoreline was determined using ArcGIS software and the shoreline as 
interpreted by Monecke et al., 2015. 
4.4.2 1907 Tsunami Deposit  
Sand deposits from the 1907, 1400 AD, and the 1000 AD tsunamis are present in cores 
recovered further landward in accordance with the trend of shoreline propagation (see Figure 19 
for the calculated locations of the 1907, 1400 AD and 1000 AD shorelines).  
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Grain size and thickness data of the 1907 tsunami sand deposit is limited and is found  
only at a few locations 267 m to 435 m shore from the 2009 shoreline (Figure 19). Along the 
2009 transect,  a sand layer collected 424 m from shore yielded a mean grain size of 262 µm and 
another sand layer collected 435 m from shore yielded a mean grain size of 241 µm indicate 
landward fining (Figure 19 and 23).  
Thickness generally follows a trend of landward thinning, though three cores between 
265 and 275 m from the 2009 shoreline exhibit thicknesses ranging from a few cm to 15 cm 
(Figure 19).  
In the breach zone, the 1907 deposit is only found in core SML-07-7 (Figure 13 and 
Table 1). This deposit is 12 cm thick and exhibits a mean grain size of 388 µm at the base of the 
layer which is much coarser than elsewhere in the beach ridge plain.  
4.4.3. 1400 Tsunami Sand Deposit 
Sand deposits from the 1400 AD tsunami were found between 750 m and 1220 m 
landward from the 2009 shoreline. Grain size distributions follow an overall trend of landward 
fining (Figures 19 and 23). Thickness does not follow a trend but is relatively constant between 2 
cm and 8 cm  (Figures 19 and 24). 
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Figure 23: Spatial distribution of the mean grain size of historic and paleotsunami sand 
deposits. Note that older layers are deposited further landward in accordance with the trend of 
shoreline propagation.  
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Figure 24: Spatial distribution of the thickness of historic and paleotsunami sand deposits. Note 
that older layers are deposited further landward in accordance with the trend of shoreline 
propagation.  
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4.4.4 1000 AD Tsunami Sand Deposit  
Sand deposits interpreted to have been deposited by the 1000 AD tsunami are found from 
1620 m to 1900 m landward from the 2009 shoreline (Figure 19). Grain sizes follow a general 
trend of fining landwards along the 2009 transect (Figure 19). However, cores collected 
elsewhere show a greater variability in grain size (Figure 23).  
4.5 Numerical Modeling  
The potential flow depth and flow velocity of the 2004 tsunami was calculated in the 
manner of Moore et al. (2007), using grain size distribution data from sediment core 105 and 
sediment core SML-07-07. 
Critical shield stress, or dimensionless shear stress, qc , for a particle with diameter D and 
density 𝜌", was determined using the Shields Diagram (Figure 25), auxiliary lines and equation:  
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Figure 25: The Shields Diagram, used to find dimensionless shear stress and critical shear stress. 
The y-axis is dimensionless shear stress and the x-axis is the Boundary Reynolds Number, the 
ratio of inertial forces to viscous forces (Boggs, 1987). Figure from Vanoni (2006).
 𝐷/𝑣 . 1( )*) − 1)𝑔𝐷 (1)     
where g is the acceleration of gravity, v  is the kinematic viscosity of water, and 𝜌 is fluid 
density.  Using this value and auxiliary lines in Fig. 25, I determined the critical shear stress, tcr ,  
𝜏/0 = 𝜃(𝜌" − 	𝜌)𝑔𝐷              (2) 




In order to find flow velocity U, the Law of the Wall is used. For unidirectional turbulent 
flow and a depth averaged velocity profile, the Law of the Wall can be written as follows (Moore 
et al., 2007): 
𝑈 = (𝜇∗/𝜅)(ln :;< − 1 − ;<: (4) 
where k is von Karman’s constant with a value of .4 (Foken, 2006), 𝑧> is D84 /30 (Moore et al., 
2007) and h is height of the flow. In this equation, there are two unknowns: U and h. Therefore, 
in order to solve for U and h, we use a second equation in which the time it takes for a grain to 
settle in a flow can be written as (Moore et al., 2007):	
:?* = 𝑡 = AB
where 𝑤" is settling velocity, t is settling time, and l is the furthest distance from shore that 
grains were deposited. I determined settling velocity using Stokes Law, which holds reasonably 
well for fine grained particles (Boggs, 1987; Moore et al., 2007) where µ is the dynamic 
viscosity of water (equation 6).  
𝑤" = 𝜌" − 𝑝 ∗ 𝑔𝐷18𝜇
The parameters used for eight different cases are listed in Table 2. A complete table is 
listed in the Appendix. The results of the model are compared in Figure 26. The coarsest grains 
found offshore are not present in the sand deposits from the 2004 tsunami. To determine the 
advection length for these grains, U was calculated using the known range of flow heights in 
West Aceh during the 2004 tsunami (equation 4; Monecke et al., 2008). This leaves l as the one 
unknown variable in equation 5. The results of the offshore samples are also listed in Table 2 and 




Quartz and magnetite densities are used because the 2004 and 1907 tsunami deposits 
contain both quartz and magnetite minerals, in addition to other mafic minerals (Anthony et al., 
2010). The largest grain size and the mean grain size of samples from the 2009 transect and 
breach site are also compared, with the largest grain sizes yielding results closer to those 
measured after the 2004 tsunami (Moore et al., 2006).  
Table 2 : The parameters used to model flow velocity and flow depth are listed. A table with 
every variable listed can be found in the Appendix. * Flow depths taken from Monecke et al. 
(2017).  
Table 1
Sample ID Tsunami Location Mineralogy Grain Size Diameter (cm)














(cm) Flow depth (m)
Core 105 2004 2009 Transect Quartz Coarsest Grain Size 0.11 2.65 2.41 162507.58 0.10 72.00 0.72 230.00 2.30
Core 105 2004 2009 Transect Magnetite Coarsest Grain Size 0.11 5.20 4.00 162507.58 0.26 123.50 1.24 341.00 3.41
Core 105 2004 2009 Transect Quartz Mean Grain Size 0.03 2.65 1.38 162507.58 0.01 35.50 0.36 43.50 0.44
Core 105 2004 2009 Transect Magnetite Mean Grain Size 0.03 5.20 2.10 162507.58 0.02 57.00 0.57 69.00 0.69
SML-07-07 2004 Breach Site Quartz Coarsest Grain Size 0.19 2.65 3.48 119000.00 0.32 108.20 1.08 354.00 3.54
SML-07-07 1907 Breach Site Quartz Coarsest Grain Size 0.14 2.65 2.90 119000.00 0.18 86.50 0.87 253.00 2.53
Offshore 
Lower Limit - Offshore Quartz
Coarsest 
Grain Size 1.00 2.65 9.64 30988.21 8.83 303.95 3.04 900* 9*
Offshore 
Upper Limit - Offshore Quartz
Coarsest 




























































Law of the Wall
Advection Length














Law of the Wall
Advection Length



















Figure 3.14: Results of the advection model for six cases are shown. Note that the limits of the offshore 
sample plots range from 0 to 10,000 on both the x and y axis.  52
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5.1 Extent of Tsunami Deposits 
The 2004 Indian Ocean Tsunami inundated the coast of West Aceh, depositing sand up to 
1.8 km inland. The extent of the 1400 AD tsunami is clear in Figures 19, 23, and 24. Evidence of 
the 1400 AD tsunami is found between 750–1220 m from the 2009 shoreline. All cores with the 
1400 sand deposit are found behind a beach ridge 640 m from the 2009 shoreline (Monecke et 
al., 2015). The extent of the 1000 AD tsunami is also clear in Figures 19, 23, and 24. Evidence of 
the 1000 AD tsunami is found between 1620 – 1900 m from the 2009 shoreline.   
5.2 Thickness Trends of Tsunami Deposits 
The 2004 Indian Ocean tsunami deposited a sand sheet that ranged from a few cm thick 
to over 70 cm thick. Over that distance, thickness generally followed a landward thinning trend 
(Figure 19 and Figure 21) matching tsunami sediments on flat, low lying coasts elsewhere 
(Moore et al., 2007). However, the small-scale topography of the land can influence the 
thickness of the deposit and coasts with beach ridges, swales, and other topographical features 
may experience greater thickness variation. The study area contains a sequence of beach ridges 
and swales, which disrupted the deposition of sediment as the tsunami washed ashore.  
Along the 2009 transect, most sediment cores with sand deposits thicker than 5 cm were 
recovered in swales or on the landward flanks of ridges (Figure 19). This indicates that low lying 
areas, specifically those behind ridges, experienced greater deposition possibly because of flow 
deceleration behind ridges (Atwater et al., 2013). Deposit thickness can also be the result of 
microtopography (Hori et al. 2007). Deposition in depressions can also be more susceptible to 
runoff during rains, so the original thickness of the deposit may not be preserved (Hori et al., 
2007).  
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Sedimentary characteristics of sand deposited in the breach zone differ from sands 
deposited elsewhere in the research area. Sediment cores collected along the 2009 transect do not 
exhibit layers exceeding 35 cm while a sediment core in the breach zone yielded a layer 70 cm 
thick (Figure 13 and Figure 21) indicating that the flow dynamics and sediment deposition differ 
at the two locations.  
Large deposits exceeding 50 cm have also been found in the breach zone of a beach ridge 
near Maullín where the 1960 Chile tsunami reached heights up to 10 m (Atwater et al., 2013). 
Atwater et al. (2013) notes the topographic expression of breaches and their tributaries provide 
evidence of the flow direction of the tsunami, which builds a fan as it flows landward. 
Sediment core SML-07-05 contains a 2004 tsunami deposit that shows evidence of 
multiple pulses of deposition (Figure 13b). This evidence is consistent with sand sheets 
recovered in Aceh by Moore et al. (2006) and Rubin et al. (2017). These are interpreted as the 
deposition of multiple waves during the 2004 tsunami.   
5.3 Grain Size Characteristics of Tsunami Deposits 
The sediment in each of the four tsunami deposits has a similar composition. The sand is 
rich in silicates and grey to brown in color. Many of the layers also contain plant debris, which 
was removed prior to grain size analysis. While mean grain size differs, most of the deposits 
contain sand that is fine to medium grained, while cores collected in the lagoon also exhibited 
layers with coarse grained sand (Figure 13f and Appendix).
 Mean grain sizes of deposits along the 2009 transect fall between 200 and 300 μm. This 
suggests that the origin of the sediment is also restricted between 200 and 300 μm. Grain size 
distributions of offshore, surf zone, and beach sediment is compared with the results of the 
tsunami deposit (Figure 18) and show an overlap. Further investigation is necessary to determine 
the source of the sediment not represented in offshore samples but deposited along the transect 
and elsewhere within the study area. A likely source is marsh sediment, which is picked up as the 
tsunami flows inland. 
The SML sediment cores collected in the 2004 breach zone yielded sand deposits that 
displayed both landward thinning and fining (Figure 20 and Figure 21). This is typical of tsunami 
sand deposits: as a tsunami inundates a region, coarser grains fall out of suspension first, 
resulting in coarser grains located at the bottom of a deposit and finer grains at the top.  
54
  Grain size analysis of sediment core SML-07-07 shows inverse grading yields to massive 
sedimentation (Figure 16). Moore et al. (2006) observed similar characteristics in sand deposits 
in Aceh. Lack of normal grading suggests that multiple waves inundated the area, as seen in Babi 
Island by Minoura et al. (1997). Massive sedimentation and inverse grading are also see in grain 
flow deposits (Boggs, 1987). This suggests that grain-grain interactions contributed to sediment 
deposition (Boggs, 1987).  
 While a trend in grain size of the 1400 AD sand deposit is not visible in Figure 19, Figure 
23 provides a greater distribution of samples and indicates that grain size generally increases 
landward. This increase is seen in two different locations along the study area. While no trend in 
thickness of the 1000 AD deposit is observed, grain size generally decreases (Figure 19 and 
Figure 23) 
 
5.4 The 1907 Tsunami  
 Prior to the collection of sediment cores from West Aceh, there was no evidence of the 
sediment deposited by the 1907 tsunami in Sumatra. A sand sheet of limited extent, recovered by 
Monecke et al. (2008), was observed in the field in 2006 and is interpreted to have been 
deposited by the 1907 tsunami. Radiocarbon dating analysis of a sample retrieved in a peat layer 
in sediment core SML-07-07 provides now clear evidence of an overwash event between the 
years 1802 and 1938 (Table 1). This sample indicates that the 1907 tsunami inundated the west 
coast of Aceh and deposited sand along its path. While no tide gauge data has been recovered, 
the presence of the sand sheet indicates that the 1907 tsunami had the potential to inundate the 
Acehnese coast and deposit sediment (Kanamori et al., 2010). The results of the recent 
radiocarbon dating thus confirm and strengthen previous interpretations.     
 Knowing the recurrence interval of large earthquakes is paramount in preparing for the 
next earthquake-induced tsunami. Evidence of smaller events have been recovered in Aceh, both 
in this study area, and in a coastal cave northwest of the study area, which contained tsunami 
sand deposits dating back 7,400 to 2,900 years ago (Rubin et al., 2017).   
 
5.5 Flow Dynamics of the 2004 Tsunami  
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  Modeling uses sedimentary characteristics of tsunami deposits to reconstruct the 
conditions under which they were deposited. Applying the advection model of Moore et al. 
(2007), we determined several flow parameters of tsunami inundation.  
 The advection model yields flow depths ~ 7 - 12 m lower than depths measured during 
the 2004 tsunami (Monecke et al., 2017). This is likely because the largest grains carried by the 
2004 tsunami are not present in the deposit.  
 Particles with a higher density such as magnetite produce deeper flow depths and higher 
flow velocities than cases with the density of quartz (Table 2). In addition to quartz and 
magnetite, the 2004 sand deposit also contains mafic and other minerals so the bulk density and 
resultant flow dynamics are likely closer to an average between the quartz and magnetite 
scenarios.  
 The 2004 breach sample from SML-07-07 yields flow depth results closest to those 
measured during the 2004 tsunami even when using the density of silica sand (Figure 26, Table 
2), though they are still ~ 6 - 11 m below measured flow depths. In this case, the diameter of the 
largest grains exceeds the diameter of the largest grains from the transect sample by .084 cm, or 
840 μm. One explanation is that the calculated flow depth is the average over the entire 
inundation distance. These results could also indicate that the breach zone experience higher run-
ups and greater flow velocities, which could explain why the beach ridge was breached in this 
location. 
 Offshore samples that are likely to be the source of the tsunami deposits contain grain 
sizes up to 1 cm in diameter. However, these grains are not present in the 2004 sand deposits or 
any older tsunami deposits. Using the known flow depth range of the 2004 tsunami of 9 – 14 m 
(Monecke et al., 2017), I calculated advection lengths of 310 – 500 m for a 1 cm large grain. 
This indicates that the larger grains were likely picked up offshore but may have fallen out of 
suspension closer to shore where they could then be transported back to the ocean by regular 
wave processes. Fine to medium sand, which is the dominant grain size in the 2004 deposit, was 
transported further inland where it was able to be preserved 
 Results of the 1907 tsunami sand along the breach are similar to the results of the 2004 
transect sample with the density of quartz (Figure 26, Table 2). The 1907 sample includes the 
grain size distribution of sediment core SML-07-07, which was recovered in the breach zone.  
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  Flow velocities from survivors’ video recordings in Banda Aceh were calculated between 
2 – 5 m/s (Fritz et al., 2006). The 3.03 – 3.15 m/s flow velocities of the offshore samples 
correspond to this range indicating that the application of the advection model can give 
reasonable first estimates of tsunami flow speeds.  
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Chapter 6: Conclusion and Future Work  
  
 Sediment cores from West Aceh provide both invaluable evidence of historic and ancient 
tsunamis as well as information on flow dynamics. Using sedimentary characteristics, flow 
velocity and flow depth can be modeled with a simple advection model which gives reasonable 
estimates compared to available data from recent tsunamis.  
 The results of this study, coupled with the results of previous studies, suggest that 
Sumatra is vulnerable to events similar to the earthquake preceding the 2004 tsunami and other, 
smaller events, such as the earthquake that preceded the 1907 tsunami (Monecke et al., 2008; 
Jankaew et al., 2008; Rubin et al. 2017). While centuries may pass between tsunamis generated 
by mega-earthquakes, evidence of smaller events occurring in the intervening centuries have 
been recovered and should not be underestimated.  
 Modeling results of flow dynamics under tsunamis illustrate the strengths and 
shortcomings of an advection model after Moore et al. (2017) . Parameters such as thickness of 
the deposit and elevation above sea level of the location where a sample was recovered are not 
included in this model. The simulations can likely be improved using more advanced models 
such as TSUFLIND, which includes topography and deposit thickness. 
 Future work entails further topographic study of the Acehnese coastline. Coupling the 
sediment cores with more accurate elevation data will provide a clearer relationship between 
topography and deposit thickness and grain size. Investigation of the origin of tsunami sand 
deposits through microfossil analysis will help to better understand the sources and movement of 
sediment during the 2004 and older Indian Ocean tsunamis. Our sedimentary data can now also 
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ID Latitude Longitude 2004 1907 1400 1000
Sand	Layer	Thickness	(cm) Sand	Layer	Thickness	(cm) Sand	Layer	Thickness	(cm) Sand	Layer	Thickness	(cm)
94 4.255867 95.98023 8.333333333
96 4.256617 95.98127 25 15.79
98 4.2574 95.98255 9.375 2.6
99 4.25805 95.98817 4.166666667
100 4.258883 95.98508 4.583333333
101 4.2592 95.98535 4.166666667
102 4.259383 95.98577 7.916666667
105 4.256633 95.98122 27.08333333 2.63
109 4.256783 95.98155 32.91666667
110 4.256917 95.98178 20.83333333
111 4.257133 95.98202 9.375
112 4.257483 95.98253 4.166666667
114 4.257533 95.98245 10.41666667
115 4.2575 95.98302 7.291666667
117 4.2583 95.9845 2.083333333
120 4.25885 95.98542 4.166666667
121 4.259133 95.98535 4.583333333
123 4.256617 95.98132 22.91666667 1.97
126 4.262467 95.98245 0
127 4.262 95.98262 0
131 4.268283 95.98182 10
133 4.268233 95.9818 2.083333333
134 4.268467 95.982 1.041666667 26.32
137 4.270717 95.98525
138 4.270583 95.985 0.833333333
139 4.270517 95.98487 0 4.61
140 4.270433 95.98493 0 5
141 4.270783 95.98482 3.125
142 4.270917 95.98538 0
150 4.270217 95.9857 15 11.84
151 4.271917 95.98742 0
152 4.27175 95.98718 0
153 4.271167 95.9865 27.08333333
156 4.224467 96.02208 14.28571429
157 4.2245 96.02167 0
158 4.223083 96.02213 0
159 4.2221 96.02173 2.380952381
160 4.221517 96.02103 28.57142857
161 4.2205 96.01875 71.42857143
162 4.22065 96.01877 52.38095238 12.5
163 4.24715 95.99445 0
164 4.245933 95.99412 11.24567474
165 4.246233 95.99427 16.43598616
166 4.246117 95.99393 3.460207612
167 4.246233 95.99402 14.70588235
168 4.246317 95.9942 3.460207612
169 4.24715 95.9947 12.11072664
172 4.247383 95.9956 17.30103806
177 4.238183 96.0043 6.25 3.87
178 4.238367 96.00443 5
179 4.238483 96.00452 9.5
180 4.238717 96.00448 0
181 4.239617 96.00548 0
182 4.239917 96.00572 5
183 4.239817 96.00558 0
184 4.2401 96.00582 0 4.84
185 4.240317 96.00588 2.5 2.58
188 4.240467 96.00605 0
189 4.240583 96.0061 5
190 4.240767 96.0061 0
191 4.24125 96.00698 0 8.06
192 4.24105 96.00672 0
193 4.242017 96.00777 0
194 4.241933 96.00775 11.25
195 4.2451 96.01105 0
196 4.2426 96.00833 0
199 4.243883 96.00942 10 3.23
200 4.2441 96.00992 0
201 4.244233 96.01005 0
202 4.24505 96.01065 0 8.06
203 4.245117 96.01095 0 4.84
204 4.245583 96.01145 0
205 4.2475 96.0129 0
206 4.246783 96.01243 0
207 4.244417 96.01047 0
208 4.24595 96.01193 0
709 4.254917 95.98911 10
710 4.254556 95.98886 0
    Deposit Thickness
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711 4.243833 96.00267 0
717 4.25525 95.98953 0
718 4.257722 95.99147 3
719 4.257611 95.99144 0
720 4.254528 95.98883 0
721 4.254444 95.98908 0
722 4.254444 95.98903 0
723 4.254583 95.98886 0
723b 4.242194 96.00161 0
724 4.242583 96.002 0
725 4.242028 96.00231 3
726 4.242417 96.00253
727 4.243028 96.00311 21
728 4.243056 96.00317 0
729 4.243028 96.00317 2
730 4.243028 96.00317 0
731 4.239944 96.00569 11
732a 4.240361 96.00606 13
733 4.24039 96.00062 0
734 4.2403 96.00594 0
735 4.239917 96.00564 0
736 4.239222 96.00592 0
737 4.239389 96.00603 0
738 4.239417 96.00606 0
739 4.239444 96.00614 0
740 4.243056 96.00325 0
0
742 4.243028 96.00342 0
743 4.243083 96.0035
744 4.243083 96.0035 0
745 4.242944 96.00311 0
746 4.242667 96.00344
747 4.242611 96.00344 0
748 4.242611 96.00339 0
749 4.242556 96.00336 0
750 4.242556 96.00336 0
751 4.242417 96.00356 0
752 4.242417 96.00356 0
753 4.243083 96.003 14
754 4.243167 96.00303 0
755 4.243167 96.00303 2
756 4.243167 96.00303 0
800 4.243083 96.00331 0
801 4.243056 96.00319 1
802 4.243028 96.00319
803 4.242944 96.00314
804 4.243 96.00319 0
805 4.243 96.00319
806 4.243167 96.00344 0
807 4.243306 96.00358
808 4.243 96.00339 0
809 4.243111 96.00342 6
810 4.243111 96.00342
811 4.2425 96.00358 6
812 4.2425 96.00358
813 4.2425 96.00358




818 4.242611 96.00372 0
819 4.242667 96.00369
820 4.242444 96.00344 0
821 4.242556 96.00347
822 4.242556 96.0035
823 4.243083 96.00311 0
824 4.243139 96.00306 12
825 4.243194 96.00306
826 4.243139 96.00306 0
827 4.243139 96.00306
828 4.243222 96.00311
829 4.24325 96.00306 2
830 4.24325 96.00306
831 4.24325 96.00311
832 4.243167 96.00303 0
833 4.243111 96.003






    Deposit Thickness
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ID Latitude Longitude 2004 1907 1400 1000
840 4.243083 96.00306
841 4.243083 96.00306
842 4.243083 96.00306 1




847 4.243056 96.00308 0
848 4.243056 96.00308 0
849 4.243083 96.00311 0
849 4.242806 96.00322
850 4.242778 96.00331
851 4.24275 96.00333 10
852 4.242694 96.00328 0
853 4.242833 96.00325 5
854 4.242806 96.00325 0
855 4.242806 96.00322






    Deposit Thickness
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2004
ID Latitude Longitude Mean	Grain	Size	(µm) Medium	Grain	Size	(µm) Sample	Name Notes	
94 4.25586667 95.9802333
96 4.25661667 95.9812667 306.179 283.126 SGB-07-04-96G from	middle	of	layer	
98 4.2574 95.98255 238.092 223.816 SGB-08-04-98F
99 4.25805 95.9881667
100 4.25888333 95.9850833 266.106 235.695 SGB-08-04-100D
101 4.2592 95.98535 202.585 181.27 SGB-08-04-101G not	at	bottom	of	layer	
102 4.25938333 95.9857667 184.334 168.488 SGB-08-04-102D not	at	bottom	of	layer	
105 4.25663333 95.9812167 325.478 301.385 SGB-03-03-105I
109 4.25678333 95.98155
110 4.25691667 95.9817833 302.099 282.109 SGB-03-03-110D
111 4.25713333 95.9820167 264.64 242.02 SGB-03-03-111A
112 4.25748333 95.9825333 223.655 207.115 SGB-04-03-112E
114 4.25753333 95.98245
115 4.2575 95.9830167
117 4.2583 95.9845 244.677 225.058 SGB-05-03-117J
120 4.25885 95.9854167 221.628 203.57 SGB-05-03-120A
121 4.25913333 95.98535 221.698 202.539 SGB-05-03-121F
123 4.25661667 95.9813167 286.201 267.477 SGB-06-03-123E
126 4.26246667 95.98245 195.459 176.26 SGB-06-03-126D
127 4.262 95.9826167
131 4.26828333 95.9818167 302.027 281.138 SGB-07-03-131K
133 4.26823333 95.9818 173.166 153.73 SGB-07-03-133G
134 4.26846667 95.982 283.142 253.1 SGB-07-03-134H
137 4.27071667 95.98525
138 4.27058333 95.985 220.672 149.401 SGB-08-03-138H
139 4.27051667 95.9848667
140 4.27043333 95.9849333
141 4.27078333 95.9848167 152.974 131.55 SGB-08-03-141A
142 4.27091667 95.9853833
150 4.27021667 95.9857 174.587 133.107 SGB-09-03-150F from	middle	of	layer
151 4.27191667 95.9874167
152 4.27175 95.9871833
153 4.27116667 95.9865 218.645 144.447 SGB-09-03-153H




160 4.22151667 96.0210333 278.44 265.404 SML-07-5-28.0
161 4.2205 96.01875 355.871 334.177 SML-07-6-71.0
162 4.22065 96.0187667 332.4 SML-07-7-50
163 4.24715 95.99445
164 4.24593333 95.9941167 243.806 229.472 SPB-11-03-164G
165 4.24623333 95.9942667 257.131 238.38 SPB-11-03-165C
166 4.24611667 95.9939333 241.222 223.979 SPB-11-03-166M
167 4.24623333 95.9940167
168 4.24631667 95.9942 214.141 196.012 SPB-11-03-168A
169 4.24715 95.9947 216.168 201.774 SPB-11-03-169E
172 4.24738333 95.9956 274.495 246.29 SPB-11-03-172C
177 4.23818333 96.0043 202.288 174.097 PTB-17-03-177E
178 4.23836667 96.0044333
179 4.23848333 96.0045167 188.166 172.503 PTB-17-03-179A
180 4.23871667 96.0044833
181 4.23961667 96.0054833
182 4.23991667 96.0057167 187.129 172.632 PTB-17-03-182K
183 4.23981667 96.0055833
184 4.2401 96.0058167
185 4.24031667 96.0058833 157.207 129.315 PTB-17-03-185J
188 4.24046667 96.00605
189 4.24058333 96.0061 198.581 183.907 PTB-18-03-189C
190 4.24076667 96.0061
191 4.24125 96.0069833
ii. Grain Size Measurements
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193 4.24201667 96.0077667
194 4.24193333 96.00775 206.388 191.843 PTB-18-03-194G
195 4.2451 96.01105
196 4.2426 96.0083333


























































































































ID Latitude Longitude Mean	Grain	Size	(µm) Median	Grain	Size	(µm) Sample	Name
94 4.255866667 95.98023333
96 4.256616667 95.98126667 289.285 270.363 SGB-07-04-96D

















































































































































































































131 4.26828333 95.98181667 181.533 142.33 SGB-07-03-131D
133 4.26823333 95.9818 177.965 408.075 SGB-07-03-133C































182 4.23991667 96.00571667 172.316 151.857 PTB-17-03-182F
183 4.23981667 96.00558333
184 4.2401 96.00581667 217.242 201.618 PTB-17-03-184D































































































































































138 4.27058333 95.985 282.177 263.619 SGB-08-03-138D
139 4.27051667 95.9848667 266.776 228.387 SGB-08-03-139D
140 4.27043333 95.9849333 279.674 257.561 SGB-08-03-140A
141 4.27078333 95.9848167
142 4.27091667 95.9853833 269.65 245.758 SGB-08-03-142
150 4.27021667 95.9857 224.915 154.518 SGB-09-03-150B
151 4.27191667 95.9874167
152 4.27175 95.9871833


































195 4.2451 96.01105 163.865 148.955 PTB-18-03-195C
196 4.2426 96.0083333
199 4.24388333 96.0094167 213.004 185.829 PTB-19-03-199F
200 4.2441 96.0099167
201 4.24423333 96.01005
202 4.24505 96.01065 207.128 189.173 PTB-19-03-202C
203 4.24511667 96.01095 200.829 182.386 PTB-19-03-203C










































































































































































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
p orly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 

























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























Grey fine-medium sand with poorly 
sorted composition 
Fine-medium sand 
Grey fine-medium sand with 
poorly sorted composition
Brown sandy miud with 
organic material
Grey fine-medium sand with 
poorly sorted composition
Gradient: Fines upward


























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 


























































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 

























































































































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
rganic material
Muddy fine-medium sand with 
poorly sorted co position
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted co position  
Black sandy silt
Brown fine-medium sand with 
poorly sorted co position 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 



































Dark brown mud with
organic material
Fine-medium sand
Dark brown mud 
Yellowish brown fine-very coarse
sand 
Brown mud with few
sand grains 
Dark greyish brown sandy
(fine-very coarse) mud with 


































Dark brown mud with
organic material
Fine-medium sand
Dark brown mud 
Yellowish brown fine-very coarse
sand 
Brown mud with few
sand grains 
Dark greyish brown sandy
(fine-very coarse) mud with 


































Dark b own mud with
organic material
Fine-medium sand
Dark brown mud 
Yellowish brown fine-very coarse
sand 
Brown mud with few
sand grains 
Dark greyish brown sandy
(fine-very co rse) mud with 































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
































































































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 











































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 































































Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 
























Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 

























Leaves, bark, roots 














Sandy (f-m) brown silt
Grey fine-medium sand with
poorly sorted composition
Brown sandy silt with 
organic material
Muddy fine-medium sand with 
poorly sorted composition
Brown sandy silt
Grey fine-medium sand 
Dark brown sandy mud with 
organic material
Grey fine-medium sand 
Dark brown silt
Grey fine-medium sand with 
poorly sorted composition 
Dark brown mud 
Brown fine-medium sand with
poorly sorted composition  
Black sandy silt
Brown fine-medium sand with 
poorly sorted composition 
Dark brown sandy silt
Brown medium sand with 
poorly sorted compositon 
Brown silty medium sand 
Brown medium sand with 































































































































































































































































































































































































































































































































Solve system of equations
h = 0:0.1:1000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 1000]); xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
v. Advection Model
90
Published with MATLAB® R2018a
Advection Model
91














Solve system of equations
h = 0:0.1:1000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 1000]); xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
Advection Model
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Variables: Transect Case with Silica Denisty













Solve system of equations
h = 0:0.1:1000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 1000]); xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
Advection Model
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Variables: Transect Case with Magnetite Densi-













Solve system of equations





set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log'); ylim([1 1000]);
 xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
Advection Model
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Solve system of equations
h = 0:0.1:1000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 1000]); xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
Advection Model
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Solve system of equations
h = 0:0.1:1000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 1000]); xlim([1 1000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000])
xticklabels ([10 100 1000]);
yticks ([10 100 1000])
yticklabels ([10 100 1000]);
Advection Model
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Solve system of equations
h = 0:0.1:10000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 10000]); xlim([1 10000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');
legend('Law of the Wall','Advection Length');
legend boxoff;
xticks ([10 100 1000 10000])
xticklabels ([10 100 1000 10000]);
yticks ([10 100 1000 10000])
yticklabels ([10 100 1000 10000]);
Advection Model
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Solve system of equations
h = 0:0.1:10000; U = (SV./k)*(log((h./z)-(1-(z./h)))); U2 = (l.*w)./h;
Plot properties
plot(h,U,h,U2); set(gca, 'YScale', 'log'); set(gca, 'XScale', 'log');
 ylim([1 10000]); xlim([1 10000]);
xlabel('Flow depth (cm)'); ylabel('Flow velocity (cm/s)');




xticks ([10 100 1000 10000])
xticklabels ([10 100 1000 10000]);
yticks ([10 100 1000 10000])
yticklabels ([10 100 1000 10000]);
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